Abstract: Al-Si-Mg alloys are investigated to determine the relationship between changes in the thermal diffusivity and precipitation behavior of the Mg 2 Si phase with various contents of Mg 2 Si and aging treatment conditions. The samples were solid solution-treated and then quenched with water (80 • C). Aging treatments were implemented at temperatures ranging from 180 to 240 • C for 5 h. The precipitation behavior of Mg 2 Si was observed using a heat flow curve using differential scanning calorimetry analysis. The thermal diffusivity of Al-Mg 2 Si alloy was affected by the precipitation of the Mg 2 Si phase, particularly in the meta-stable β phase. In the temperature range of precipitation occurrence, the thermal diffusivity of the alloy increased with the temperature when the precipitation of the meta-stable β phase of the sample was incomplete. However, at the same temperature, the samples in which precipitation had completed did not have any increased thermal diffusivity. The thermal diffusivity of the samples decreased when the meta-stable Mg 2 Si phase had dissolved in the matrix. The precipitation and dissolution of Mg 2 Si mainly affected the variation of thermal diffusivity in Al-Si-Mg. In contrast, the stable Mg 2 Si phase was not affected by changes in thermal diffusivity at a high temperature.
Introduction
Since electric appliances have gradually become smaller and are now packaged with additional features including complex specifications, the operating temperature has become an important issue. Heat in an electronic application reduces both the efficiency of the electronic device and its service life [1, 2] . One of the cooling methods used for electronic applications is the heat sink attachment method. According to Fourier's law, the heat dissipation efficiency of a heat sink is proportional to the thermal conductivity of the heat sink material [3] . When the heat sink has thermal conductivity κ, Fourier's law is expressed as: dq/dt = −κA(dT/dx) (1) where κ is the thermal conductivity, dq/dt is the heat flow, A is the cross sectional area in the x direction, and dT/dx is the temperature difference in the +x direction. Therefore, using materials with high thermal conductivity, such as heat sink materials, is commonly recommended [1] . In response to the recent issues related to the reduced efficiency of electronic devices due to heat generation, many researchers have carried out studies aimed at identifying a high thermal conductivity material, as well as a method for measuring thermal conductivity [4] [5] [6] [7] . Thermal diffusivity reflects
Materials and Methods
The Al-Mg-Si alloys were produced using gravity casting with 99.8 wt.% commercial pure Al, a 98.5 wt.% Si pellet, and 99.9 wt.% pure Mg. The alloys were comprised of different Mg and Si contents, and their compositions are shown in Table 1 ; the composition of Al-1.1Mg 2 Si alloys is located in the hypo-eutectic field on the Al-Mg 2 Si phase diagram [20] . The Al-1.9Mg 2 Si alloy was designed for the eutectic composition in the Al-Mg 2 Si system. The Al-1.9Mg 2 Si alloy is located in a hyper-eutectic field on the phase diagram. The chemical compositions of the alloys were investigated through spark emission spectroscopic analysis. Gas bubbling filtration treatment was performed at 750 • C for 15 min with high purity (99.9%) Ar gas in the melt. The melt was stabilized for 15 min prior to casting. The melt was then poured into a permanent mold which was preheated to 95 • C after stabilization. The samples were heat treated at 590 • C for 30 min in the solution treatment, then quenched in water (at approximately 80 • C) in order to form a supersaturated solid solution. The samples were then aged at different temperatures from 180 to 240 • C. In addition, Al-1.9Mg 2 Si was aged at 340 • C so as to observe the Mg 2 Si precipitate. The Mg 2 Si precipitate was observed using an optical microscope (OM), a scanning electron microscope (SEM), and a transmission electron microscope (TEM) after the aging treatment.
Thermal diffusivity was measured using a laser flash apparatus (LFA 457, NETZSCH, Selb, Germany). The samples were cut to a diameter of 12.7 mm and a thickness of 2.5 mm for the thermal diffusivity measurements. The samples were coated using a carbon spray prior to analysis in order to prevent the laser from reflecting on the surfaces of the samples. The LFA test was performed at a temperature range from 25 to 500 • C five times.
A differential scanning calorimetry (DSC) device (DSC 404 F1, NETZSCH, Selb, Germany) was used to investigate the microscale phase transformation by heat treatment condition. The samples were cut into cylindrical shapes of 6 mm diameter and 1 mm thickness. The DSC analysis was performed at a temperature range from 20 to 530 • C at a rate of 10 • C/min in a 99.999% N 2 atmosphere. The gas flow was fixed at 50 mL/min and a pre-vacuum sequence was performed in order to prevent oxidation of the samples.
An X-ray diffraction (XRD) device (X'pert Pro, PANalytical, Amelo, The Netherlands) was used to investigate the diffraction pattern of as-quenched Al-1.9Mg 2 Si; the sample was also analyzed after DSC measurement. The sample was then used to identify the dissolution and precipitation of the Mg 2 Si phase in Al-Mg 2 Si alloy. Cu Kα radiation was used to define the sample precipitates.
Results and Discussion
The casting structures of the Al-Mg 2 Si alloys were observed using an optical microscope and are shown in Figure 1 . A number of crystallized phases were observed with increased Mg 2 Si content. One of the crystallization phases had a gray color and a needle shape, while another had a black color and a sphere shape in all of the specimens. In particular, the number of black phases increased with increasing Mg 2 Si content. The eutectic phase was only observed in Al-3.5Mg 2 Si. The black phase was defined in the Mg 2 Si phase according to the component analysis. The gray needle phase was analyzed in the AlFeSi ternary intermetallic compound. This compound appears when Al contains Fe as an impurity. The AlFeSi phase was found in all of the specimens, as shown in Figure 1 .
The microstructures of the as-quenched Al-Mg 2 Si alloys are shown in Figure 2 . The AlFeSi phase was present in all of the as-quenched samples. However, the eutectic Mg 2 Si phase only appeared in the Al-3.5Mg 2 Si sample with a sphere shape that was larger than the as-cast sample. The Mg 2 Si contents of the Al-1.1Mg 2 Si and Al-1.9Mg 2 Si alloys were similar to or lower than the solubility of Mg 2 Si in the Al matrix at 590 • C. Therefore, the Mg 2 Si phase of both samples was resolved during the solid solution treatment and could not be determined, and as such are not shown in Figure 2a ,b.
The as-quenched Al-Mg 2 Si samples were investigated using DSC to identify the phase transformation of the Mg 2 Si, and their heat flow curves are shown in Figure 3 . The heat flow curves have several exothermic peaks, and were named exothermic peaks, A, B, and C. The positions of the exothermic and endothermic peaks are at similar temperatures to those presented in previous studies [13, 20, 21] . For the Al-Mg 2 Si pseudo-binary system, the Mg 2 Si phase was precipitated as follows [22] [23] [24] : SSS → G.P. zone → β coherent precipitates → β semi-coherent precipitates → β (Mg 2 Si) incoherent precipitates. When compared with earlier studies, peaks A and B are composite peaks and seem to be related to the precipitations of β and β , respectively, while peak C is the result of the precipitation of the β phase. phase before and after the DSC analysis. In Figure 4a , the diffraction pattern of the as-quenched sample only has Al peaks. This is because the Mg and Si atoms were dissolved in the Al matrix during the solid solution treatment. However, according to the DSC analysis, the sample has the Al and Mg2Si peaks in different diffraction patterns, as shown in Figure 4b . It can be determined from the Mg2Si peaks that the Mg2Si precipitation occurred during the DSC analysis sequence. The as-quenched Al-Mg2Si samples were analyzed using LFA depending on the temperature, and the results are shown in Figure 5 . The Al-1.1Mg2Si alloy had the highest thermal diffusivity at every temperature. The Al-3.5Mg2Si alloy had lower thermal diffusivity than the others. The thermal diffusivity gap between the Al-1.1Mg2Si and Al-3.5Mg2Si samples was measured as approximately 15 mm 2 /s at 25 °C. This difference of thermal diffusivity between the two samples was attributed to two reasons: the content of the alloying element in alloys and the concentration of dissolved solute The Al-1.9Mg 2 Si samples were investigated using XRD to identify the presence of the Mg 2 Si phase before and after the DSC analysis. In Figure 4a , the diffraction pattern of the as-quenched sample only has Al peaks. This is because the Mg and Si atoms were dissolved in the Al matrix during the solid solution treatment. However, according to the DSC analysis, the sample has the Al and Mg 2 Si peaks in different diffraction patterns, as shown in Figure 4b . It can be determined from the Mg 2 Si peaks that the Mg 2 Si precipitation occurred during the DSC analysis sequence. [13, 20, 21] . For the Al-Mg2Si pseudo-binary system, the Mg2Si phase was precipitated as follows [22] [23] [24] : SSS → G.P. zone → β′′ coherent precipitates → β′ semi-coherent precipitates → β (Mg2Si) incoherent precipitates. When compared with earlier studies, peaks A and B are composite peaks and seem to be related to the precipitations of β′′ and β′, respectively, while peak C is the result of the precipitation of the β phase.
The Al-1.9Mg2Si samples were investigated using XRD to identify the presence of the Mg2Si phase before and after the DSC analysis. In Figure 4a , the diffraction pattern of the as-quenched sample only has Al peaks. This is because the Mg and Si atoms were dissolved in the Al matrix during the solid solution treatment. However, according to the DSC analysis, the sample has the Al and Mg2Si peaks in different diffraction patterns, as shown in Figure 4b . It can be determined from the Mg2Si peaks that the Mg2Si precipitation occurred during the DSC analysis sequence. The as-quenched Al-Mg2Si samples were analyzed using LFA depending on the temperature, and the results are shown in Figure 5 . The Al-1.1Mg2Si alloy had the highest thermal diffusivity at every temperature. The Al-3.5Mg2Si alloy had lower thermal diffusivity than the others. The thermal diffusivity gap between the Al-1.1Mg2Si and Al-3.5Mg2Si samples was measured as approximately 15 mm 2 /s at 25 °C. This difference of thermal diffusivity between the two samples was attributed to two reasons: the content of the alloying element in alloys and the concentration of dissolved solute The as-quenched Al-Mg 2 Si samples were analyzed using LFA depending on the temperature, and the results are shown in Figure 5 . The Al-1.1Mg 2 Si alloy had the highest thermal diffusivity at every temperature. The Al-3.5Mg 2 Si alloy had lower thermal diffusivity than the others. The thermal diffusivity gap between the Al-1.1Mg 2 Si and Al-3.5Mg 2 Si samples was measured as approximately 15 mm 2 /s at 25 • C. This difference of thermal diffusivity between the two samples was attributed to two reasons: the content of the alloying element in alloys and the concentration of dissolved solute in the Al matrix after quenching. The additive atoms have a different size than the Al atoms. In general, the addition of alloying elements led to a decrease in thermal diffusivity. Further, if impurity atoms had dissolved in the Al matrix, those impure atoms caused a partial lattice distortion in the matrix; this distortion interrupted the movements of the heat carriers. Thus, thermal diffusivity decreased as the concentration of impurity atoms increased [16, 20, 21] . The thermal diffusivities of the samples rapidly increased at a specific temperature range, as shown in Figure 5 ; this temperature range was called zone 2. The temperature of zone 2 matched the precipitation temperatures of the β′′ and β′ phases (A and B peaks) in Figure 3 . As the GP zone developed to the β′′ and β′ phases, the precipitations of the β′′ and β′ phases reduced the concentration of solute atoms in the Al matrix [10, 26] . As a result, heat transfer was facilitated, and the thermal diffusivity increased [27] . The thermal diffusivity of the Al-3.5Mg2Si specimen increased in zones 1 and 2, as shown in Figure 5c . Al-3.5Mg2Si had the largest amount of dissolved solute in the matrix, and the precipitation of the dissolved solute contributed to the increased thermal diffusivity.
The thermal diffusivities of all of the samples decreased at temperatures above zone 2, as shown in Figure 5 , due to the thermal vibration of the atoms in the matrix, which interrupted the heat transfer [28] . The heat energy excited the metal atoms and increased the temperature of the metal. The thermal vibration of the excited atoms interrupted the free electron transfer through the matrix [29] . Therefore, the thermal diffusivities of the specimens decreased with the increase of temperature in zone 3.
The as-quenched samples were aged at temperatures ranging from 180 to 240 °C for 5 h. The Al-1.9Mg2Si specimens were analyzed with OM, SEM, and TEM, and the results of these analyses are shown in Figure 6 . The precipitate cannot be observed using SEM, and as shown in Figure 6a , only the AlFeSi phase appeared. In Figure 6b , a small precipitate was present after the aging treatment at 180 °C for 5 h. The size of this small Mg2Si phase (β′′) was 30 nm. The particles were too small to be observed in the SEM image of Figure 6a . Precipitate was detected by the optical microscope after aging at 240 °C. The precipitate seems to be similar to the black dot in Figure 6c In general, thermal diffusivity linearly decreased with the increase of temperature above room temperature. This was because the heat vibrations of the matrix atoms interrupted the movements of free electrons in the lattice [10] . However, in our study, the thermal diffusivity tendency of each specimen changed with temperature and content. In Figure 5a , the slope of the thermal diffusivity curve had a negative value at zone 1; however, the Al-3.5Mg 2 Si specimen ( Figure 5c ) had a small positive slope in the same zone. Zone 1 was defined as the range in which thermal diffusivity was continuously and linearly changed corresponding to the increase of temperature. Zhang et al. [25] demonstrated that the co-cluster and the Guinier-Preston (GP) zone combined and precipitated at below 200 • C. This zone included the precipitation temperature of the GP zone. It appears that the precipitation of the solute affected the increase in thermal diffusivity.
The thermal diffusivities of the samples rapidly increased at a specific temperature range, as shown in Figure 5 ; this temperature range was called zone 2. The temperature of zone 2 matched the precipitation temperatures of the β and β phases (A and B peaks) in Figure 3 . As the GP zone developed to the β and β phases, the precipitations of the β and β phases reduced the concentration of solute atoms in the Al matrix [10, 26] . As a result, heat transfer was facilitated, and the thermal diffusivity increased [27] . The thermal diffusivity of the Al-3.5Mg 2 Si specimen increased in zones 1 and 2, as shown in Figure 5c . Al-3.5Mg 2 Si had the largest amount of dissolved solute in the matrix, and the precipitation of the dissolved solute contributed to the increased thermal diffusivity.
The as-quenched samples were aged at temperatures ranging from 180 to 240 • C for 5 h. The Al-1.9Mg 2 Si specimens were analyzed with OM, SEM, and TEM, and the results of these analyses are shown in Figure 6 . The precipitate cannot be observed using SEM, and as shown in Figure 6a , only the AlFeSi phase appeared. In Figure 6b , a small precipitate was present after the aging treatment at 180 • C for 5 h. The size of this small Mg 2 Si phase (β ) was 30 nm. The particles were too small to be observed in the SEM image of Figure 6a . Precipitate was detected by the optical microscope after aging at 240 • C. The precipitate seems to be similar to the black dot in Figure 6c . The average size of the Mg 2 Si was less than 1 µm with an aging temperature of 240 • C. In Figure 6d , a lot of Mg 2 Si was randomly distributed on the Al matrix of 4-6 µm.
samples decreased with the increase of temperature in zone 1 (below 200 °C). In zone 2, the thermal diffusivity of the 180 °C aged sample increased with the increase of temperature. The increment of thermal diffusivity in this zone was approximately 2 mm 2 /s. However, the thermal diffusivities of both samples decreased with the increase of temperature when samples were aged at 220 °C and 240 °C. The thermal diffusivities of all of the samples reached similar values, then reduced with the increase of temperature in zone 3. The aged Al-1.1Mg2Si samples were investigated in terms of calorimetric analysis and shown in Figure 8 . Aged Al-1.1Mg 2 Si was also analyzed in terms of thermal diffusivity using LFA and the results are shown in Figure 7 . Thermal diffusivity at 25 • C increased from 77 mm 2 /s to 84 mm 2 /s with the increase of the aging temperature from 180 to 240 • C. The thermal diffusivity of the Al-1.1Mg 2 Si samples decreased with the increase of temperature in zone 1 (below 200 • C). In zone 2, the thermal diffusivity of the 180 • C aged sample increased with the increase of temperature. The increment of thermal diffusivity in this zone was approximately 2 mm 2 /s. However, the thermal diffusivities of both samples decreased with the increase of temperature when samples were aged at 220 • C and 240 • C. The thermal diffusivities of all of the samples reached similar values, then reduced with the increase of temperature in zone 3. Figure 6d , a lot of Mg2Si was randomly distributed on the Al matrix of 4-6 μm. Aged Al-1.1Mg2Si was also analyzed in terms of thermal diffusivity using LFA and the results are shown in Figure 7 . Thermal diffusivity at 25 °C increased from 77 mm 2 /s to 84 mm 2 /s with the increase of the aging temperature from 180 to 240 °C. The thermal diffusivity of the Al-1.1Mg2Si samples decreased with the increase of temperature in zone 1 (below 200 °C). In zone 2, the thermal diffusivity of the 180 °C aged sample increased with the increase of temperature. The increment of thermal diffusivity in this zone was approximately 2 mm 2 /s. However, the thermal diffusivities of both samples decreased with the increase of temperature when samples were aged at 220 °C and 240 °C. The thermal diffusivities of all of the samples reached similar values, then reduced with the increase of temperature in zone 3. The aged Al-1.1Mg2Si samples were investigated in terms of calorimetric analysis and shown in Figure 8 . The aged Al-1.1Mg 2 Si samples were investigated in terms of calorimetric analysis and shown in Figure 8 . The exothermic peaks of A, B, and C were generated due to the precipitation reactions of β′′, β′, and β, respectively, as mentioned earlier in Figure 3 .
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The exothermic reactions A, B, and C of the heat flow curve decreased with the increasing aging temperature. The area of the exothermic curve (enthalpy) indicates the number of precipitates generated during the calorimetric analysis [8] . Thus, the number of residual solutes decreased with the increasing aging temperature. The Al-1.1Mg2Si specimen aged at 180 °C had the largest number of residual solutes, and the thermal diffusivity of this specimen was the lowest at 25 °C, as shown in Figure 7 . However, in the case of the 240 °C aged sample, the precipitations of the β′′ and β′ phases were nearly completed after the aging treatment. The precipitation reaction could not occur during the thermal diffusivity measurement in the 240 °C aged sample. The thermal diffusivity of this sample only decreased in zone 2, as shown in Figure 7 .
The thermal diffusivity and the heat flow curves for the Al-3.5Mg2Si aged specimens are shown in Figures 9 and 10 . In Figure 9 , the 180 °C aged sample had a nearly regular thermal diffusivity value of 62 mm 2 /s in zone 1. The thermal diffusivity values at 25 °C increased with the increasing aging temperature.
The increment of the thermal diffusivity of the 180 °C aged specimen in zone 2 is 7 mm 2 /s. The increment of 7 mm 2 /s was larger than that of the Al-1.1Mg2Si specimen aged in the same condition. The enthalpies of exothermic peaks A and B (precipitations of the β′′ and β′ phases, respectively) were also larger, as seen in Figure 10 , than those of the Al-1.1Mg2Si sample (Figure 8 ). The thermal diffusivities of all of the alloys at the final temperature in zone 2 eventually became the same regardless of the aging treatment because the precipitation reactions of each alloy were completed at that temperature. The thermal diffusivities of all the specimens decreased with the increasing temperature in zone 3. The exothermic peaks of A, B, and C were generated due to the precipitation reactions of β , β , and β, respectively, as mentioned earlier in Figure 3 .
The exothermic reactions A, B, and C of the heat flow curve decreased with the increasing aging temperature. The area of the exothermic curve (enthalpy) indicates the number of precipitates generated during the calorimetric analysis [8] . Thus, the number of residual solutes decreased with the increasing aging temperature. The Al-1.1Mg 2 Si specimen aged at 180 • C had the largest number of residual solutes, and the thermal diffusivity of this specimen was the lowest at 25 • C, as shown in Figure 7 . However, in the case of the 240 • C aged sample, the precipitations of the β and β phases were nearly completed after the aging treatment. The precipitation reaction could not occur during the thermal diffusivity measurement in the 240 • C aged sample. The thermal diffusivity of this sample only decreased in zone 2, as shown in Figure 7 .
The thermal diffusivity and the heat flow curves for the Al-3.5Mg 2 Si aged specimens are shown in Figures 9 and 10 . In Figure 9 , the 180 • C aged sample had a nearly regular thermal diffusivity value of 62 mm 2 /s in zone 1. The thermal diffusivity values at 25 • C increased with the increasing aging temperature.
The increment of the thermal diffusivity of the 180 • C aged specimen in zone 2 is 7 mm 2 /s. The exothermic peaks of A, B, and C were generated due to the precipitation reactions of β′′, β′, and β, respectively, as mentioned earlier in Figure 3 .
The increment of the thermal diffusivity of the 180 °C aged specimen in zone 2 is 7 mm 2 /s. The increment of 7 mm 2 /s was larger than that of the Al-1.1Mg2Si specimen aged in the same condition. The enthalpies of exothermic peaks A and B (precipitations of the β′′ and β′ phases, respectively) were also larger, as seen in Figure 10 , than those of the Al-1.1Mg2Si sample (Figure 8 ). The thermal diffusivities of all of the alloys at the final temperature in zone 2 eventually became the same regardless of the aging treatment because the precipitation reactions of each alloy were completed at that temperature. The thermal diffusivities of all the specimens decreased with the increasing temperature in zone 3. 
